SUMMARY : Suspensions of Bacillus subtilis form DL-alanine when incubated with pyruvate and ammonia. When leucine and valine are formed from the analogous keto acids, only the L-isomer is found. Since B. subtilis has a racemase active for alanine but not for valine or leucine, it is possible that the L-alanine may be the primary product and which is then racemized.
RESULTS
Biosynthesis of valine and leucine Valine. A suspension of organisms equiv. 3.6 mg. dry wt. was obtained from 65 Roux bottles containing altogether 10 1. of nutrient broth. It was added to the following reagents at the final concentrations specified in a total volume of 400 ml. : sodium a-keto-iso-valerate, 0-25 M ; ammonium sulphate, 0 . 1 2~; phosphate buffer pH 7, 0 . 1~. This mixture was incubated for 6 hr.
at 37'. The reaction was stopped by heating for 5min. at looo, and the organisms removed by centrifugation. Paper chromatography showed that valine was the only amino acid present in significant amount, and controls showed that no appreciable amount of amino-N was formed when the organisms were incubated with ammonium sulphate and buffer in the absence of any keto acid. The clear supernatant, containing c. 300 mg. of valine (determined by the Van Slyke nitrous acid method) was now run slowly (100 ml./hr,) on to a 40 x 3-5 cm. column of Zeokarb 225 (Permutit Ltd., London) which had been ground to 60-80 mesh, treated with ~N -H C~, and washed to remove free acid. The efffuent from the column contained the free acids corresponding to the anions present, i.e. unused a-keto acid, sulphate, and phosphate. The cations ( N a ' , K+ and NH;) and the valine were retained on the column which was then washed with 400 ml. distilled water and the valine selectively eluted with O-~N-NH,. The effluent was collected in 10 ml. fractions and the valine located by spot-testing with ninhydrin. The first 300 ml. of effluent contained no ninhydrin-positive material; the valine was found in the following 85 ml., which was evaporated to dryness under reduced pressure to remove ammonia.
The residue was taken up in 5 ml. of boiling 50 yo (v/v) ethanol in water to give a solution slightly yellow in colour because of traces of material leached from the resin. Most of this coloured material was removed by repeated boiling with small amounts of charcoal. The solution was concentrated until crystallization began and on cooling valine crystallized out in the plates characteristic of this amino acid : these were recrystallized from aqueous ethanol (50 yo, v/v) and dried in vacuo; yield 118 mg. About the same yield was obtained when 300 mg. valine was added to an artificial mixture similar in composition to the bacterial supernatant, and subsequently isolated and crystallized by the same procedure.
Leucine was obtained in exactly the same way, save that sodium a-keto-isocaproate was used in place of the keto-iso-valerate, The supernatant fluid obtained after removal of organisms contained 350 mg. leucine; 115 mg. recrystallized material was recovered. When allowed to crystallize slowly from water, the valine and the leucine both showed the respective characteristic crystalline forms of these two amino acids; their identity and their freedom from other amino acids was confirmed by paper chromatography.
Optical activity. The valine (107 mg.) was dissolved in 2 ml. of 2 N-HCL and examined in a 2 dm. micropolarimeter tube. is usually referred to as ' L( -)' since its rotation is negative in water, though positive in HC1.) The biological material thus gave a somewhat lower than the commercial sample used; however, it is not easy to determine low rotations accurately with small amounts of material and there is also appreciable discrepancy among the published values. When examined with the D-amino acid oxidase no D-isomer was found. It is concluded that the reductive amination system produces exclusively the L-isomers of valine and leucine.
Biosynthesis of alanine
The best yield of valine and leucine from the scarce keto acid precursors was obtained with washed suspensions. For alanine it was more convenient to grow the organisms on a medium with pyruvate as main carbon source and to isolate the alanine from the culture fluid.
Ammonium pyruvate (2 yo, w/v) was added t o the inorganic salt medium VII of Stephenson (1939), which was adjusted to pH 7-2 and sterilized by filtration through sintered glass, This medium (250 ml. quantities) was placed in each of three flat, circular glass vessels (penicillin flasks), approx. 9 in. diameter and 4 in. deep with offset necks, Each vessel was inoculated with 12 ml. of a young broth culture of Bacillus subtilis 4. Maximum alanine production was reached after 3 days at 37", when the organisms were removed by Berkfeld filtration. The filtrate (750 ml.) contained 827 mg. alanine; it was run through a cation exchange column similar to that used for the isolation of valine and the retained alanine with O-l~-ammonia. On evaporation of the eluate to small bulk and cooling, the alanine separated out : and after recrystallization from water, 503 mg. was obtained. This was contaminated with a small amount of yellow material from the resin which was removed by recrystallization from 80 Yo (v/v) Confirmation that the alanine formed by reductive amination was the racemic mixture was obtained by preparing the benzoyl derivative (Levy & Palmer, 1942) and comparing with the benzoylation products of both authentic L-and DL-alanines in respect of melting point and optical activity (Table 1) . Alanine racemase The formation of DL-alanine from pyruvate does not necessarily mean that this is the primary product of reductive amination. Wood & Gunsalus (1951) have reported the presence of an alanine racemase in a number of bacteria, including Bacillus subtilis. We therefore sought this enzyme in B. subtilis 4.
Centrifuge tubes were set up containing, in a total volume of 2.5 ml., 0 . 0 8~-pyrophosphate buffer, pH 8-1 (Negelein & Bromel, 1939) ; washed 23. subtilis 4, 4 mg. dry wt. ; pyridoxal phosphate, 0-5,ug. ; L-alanine, 0-08 M. The tubes were incubated for 80 min. a t 37O, then immersed in boiling water for 5 min. and the organisms removed by centrifuging. A sample of supernatant (2 ml.) was removed and placed in the main compartment of a Warburg flask with 0-5 ml. 0*2~-pyrophosphate buffer, pH 8.1; D-amino acid oxidase (25 mg.) was placed in the side-bulb. After addition of the enzyme the oxidation was allowed to go to completion (90 min.) and an oxygen uptake of 60,ul. was recorded. This corresponds to a conversion of 3.3,umole of L-alanine to D-alaninelmg. dry wt. organism/hr. No D-amino acid was found in a control experiment in which the L-alanine was added to the B. szlbtilis suspension a t the end of the incubation period, nor in experiments in which L-valine or L-leucine were used in place of L-alanine.
DISCUSSION
It is not necessary to postulate that the enzyme synthesizing alanine from pyruvate is an exception to the rule that when a compound containing an asymmetric carbon atom is formed by an enzymic reaction, only one of the pair of enantiomorphs is produced. The organism can convert L-to D-alanine at the rate of about 3pmole/mg./hr. The reductive amination reaction yields, under optimal conditions, 2-3pmole alanine/mg./hr. Assuming that this is L-alanine, a rate of conversion of L-to D-of about 1-1*5pmole/mg./hr. would be needed to yield an optically inactive end product; and this is well within the capacity of the racemase. Valine and leucine are produced exclusively as the L-isomers; the organism does not contain a racemase for these compounds. This does not necessarily prove, however, that in the case of alanine the primary product is the L-isomer, since there is so far no evidence whether alanine, valine and leucine are formed by a single enzyme or by separate enzymes.
